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Objectives: In a randomized, single-center trial, we compared perioperative 
outcomes in infants undergoing cardiac operations after use of the alpha- 
stat versus pH-stat strategy during deep hypothermic cardiopulmonary 
bypass. Methods: Admission criteria included reparative cardiac surgery, 
age less than 9 months, birth weight 2.25 kg or more, and absence of 
associated congenital or acquired extracardiac disorders. Results: Among 
the 182 infants in the study, diagnoses included B-transposition ofthe great 
arteries (n = 92), tetralogy of Fallot (n = 50), tetralogy of Fallot with 
pulmonary atresia (n = 6), ventricular septal defect (n = 20), truncus 
arteriosus (n = 8), complete atrioventricular canal (n = 4), and total 
anomalous pulmonary venous return (n = 2). Ninety patients were assigned 
to alpha-stat and 92 to pH-stat strategy. Early death occurred in four 
infants (2%), all in the alpha-stat group (p = 0.058). Postoperative 
electroencephalographic seizures occurred in five of 57 patients (9%) 
assigned to alpha-stat and one of 59 patients (2%) assigned to pH-stat 
strategy (p = 0.11). Clinical seizures occurred in four infants in the 
alpha-stat group (4%) and two infants in the pH-stat group (2%) (p = 0.44). 
First electroencephalographic activity returned sooner among infants 
randomized to pH-stat strategy (p = 0.03). Within the homogeneous 
o-transposition subgroup, those assigned to pH-stat tended to have a 
higher cardiac index despite a lower requirement for inotropic agents; less 
frequent postoperative acidosis (p = 0.02) and hypotension (p = 0.05); and 
shorter duration of mechanical ventilation (p = 0.01) and intensive care 
unit stay (p = 0.01).  Conclusions: Use of the pH-stat strategy in infants 
undergoing deep hypothermic cardiopulmonary b pass was associated with 
lower postoperative morbidity, shorter recovery time to first electroen- 
cephalographic activity, and, in patients with D-transposition, shorter 
duration of intubation and intensive care unit stay. These data challenge 
the notion that alpha-stat management is a superior strategy for organ 
protection during reparative operations in infants using deep hypothermic 
cardiopulmonary b pass. (J Thorac Cardiovasc Surg 1997;114:991-1001) 
D uring hypothermic ardiopulmonary bypass in infants, the optimal approach to intraoperative 
acid-base management remains controversial, 1'2 
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particularly with regard to postoperative neurologic 
outcome. Both the alkalotic alpha-stat strategy and 
the hypercarbic pH-stat strategy have potential ad- 
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vantages for maintaining cellular homeostasis and 
energy balance during periods of decreased cerebral 
perfusion. 3-6 
Studies in adults undergoing cardiac operations 
have suggested that the alpha-stat echnique im- 
proves postoperative neuropsychologic outcome. 6-8 
On the basis of these studies and certain theoretical 
considerations, the alpha-stat strategy has gained 
widespread support among pediatric cardiac sur- 
geons and perfusionists, despite the lack of prospec- 
tive data in infants. However, both operative tech- 
niques and mechanisms of brain injury differ 
significantly between adults and infants undergoing 
cardiac surgery. Intraoperative cerebral injury in 
adults is related to atheromatous emboli or to fixed 
cerebrovascular stenoses. In infants, brain injury 
results most commonly from global hypoperfusion 
during periods of decreased or arrested systemic 
blood flow. Finally, in contrast to the moderate 
hypothermia used in adults, the deep hypothermia 
used in infant cardiac surgery causes a more pro- 
nounced divergence between the two pH manage- 
ment strategies and their physiologic effects. 
As a result of these concerns, retrospective anal- 
yses were performed in children 9' 10 and the two 
techniques were compared in a neonatal piglet 
modelll, 12 at our institution. Both these approaches 
supported a superior neuroprotective role for the 
pH-stat strategy during deep hypothermic ardiac 
surgery. In view of these findings, the need for 
prospective data in infants became increasingly ob- 
vious. The present prospective, randomized, single- 
center trial compared neurologic and cardiovascular 
outcomes in infants randomized to either the alpha- 
stat or pH-stat strategy during deep hypothermic 
cardiac surgery. 
Methods 
Enrollment of patients. We enrolled patients between 
July 1992 and July 1996 at Children's Hospital, Boston. Of 
216 eligible infants for whom informed consent was 
requested, participation was declined in 26 (12%). Of the 
190 patients enrolled, eight (4%) were excluded post hoc 
because their operation was not performed under deep 
hypothermia (tympanic temperature -< 18 ° C). The re- 
maining 182 patients underwent reparative operations 
according to the study protocol and form our study 
population. The criteria for eligibility included reparative 
heart surgery at age less than 9 months for diagnoses 
including D-transposition of the great arteries (D-TGA) 
with intact ventricular septum (IVS) or ventricular septal 
defect (VSD), tetralogy of Fallot (TOF), TOF with pul- 
monary atresia, VSD, complete common atrioventricular 
canal defect, truncus arteriosus, or total anomalous pul- 
monary venous return. Exclusion criteria included birth 
weight less than 2.25 kg, associated congenital or acquired 
extracardiac disorders of greater than minor severity, and 
previous urgery. Informed consent was obtained from the 
parents of all infants according to the guidelines of the 
Committee on Clinical Investigation of the Children's 
Hospital. 
Study design. Participating infants were randomly as- 
signed to receive a pH management s rategy of either 
pH-stat or alpha-stat, with stratification according to 
surgeon, diagnosis, and age group (<1 month, 1 to 4 
months, and 5 to 9 months). Randomization schemes were 
developed with a permuted blocks design; the method of 
support was assigned immediately before the operation. 
Outcome variables were obtained by investigators who 
were blinded to each patient's treatment assignment. 
Surgeons and anesthesiologists were kept unaware of the 
interim results during the study. 
Extracorporeal perfusion and anesthesia methods. 
Perfusion methods were identical in both pH manage- 
ment groups, except as described herein. After induction 
of anesthesia nd placement of an arterial ine, surface 
cooling was begun with a low ambient room temperature, 
a cooling mattress, and ice packs to the head. An arterial 
cannula was placed in the ascending aorta. Venous can- 
nulation was accomplished by the placement of a single 
right atrial cannula or by bicaval cannulation of the 
inferior and superior venae cavae. Cardiopulmonary b - 
pass and core cooling were begun as soon as the cannulas 
were in place. During the induction of hypothermia, there 
is a natural tendency for blood to become more alkalotic. 
With no intervention, this constitutes the alpha-stat strat- 
egy. For the pH-stat strategy, the patient's pH as read 
from a blood gas analyzer at 37 ° C was adjusted to be 7.40 
at the patient's tympanic membrane t mperature with the 
use of a nomogram. This necessitated the addition of 
carbon dioxide to the ventilating as of the oxygenator 
during cooling and low-flow bypass. At the start of re- 
warming, alpha-stat management was instituted for all 
patients. The blood flow rate during cooling and rewarm- 
ing was 150 ml/kg per minute; during low-flow bypass, the 
flow rate was 50 ml/kg per minute. Patients were re- 
warmed to a rectal temperature of at least 35 ° C before 
the cessation of bypass. 
Anesthetic management was performed according to a 
standardized protocol. The intraoperative administration 
of intravenous fluids was limited to lactated Ringer's 
solution (10 to 20 ml/kg per hour) unless the blood 
glucose level was lower than 50 mg/dl. Anesthesia was 
induced with fentanyl (50 /xg/kg) and pancuronium (100 
/xg/kg). Plasma levels of fentanyl and pancuronium were 
maintained uring bypass with an additional 25 /xg/kg of 
fentanyl and 100 /xg/kg of pancuronium. All patients 
received methylprednisolone (30mg/kg) at the onset of 
bypass. During rewarming, an additional 25 /xg/kg of 
fentanyl and 100 ~g/kg of pancuronium were adminis- 
tered. 
Postoperative hemodynamic data collection. Cardiac 
output was determined by the thermodilution technique 
beginning 3 hours after removal of the aortic crossclamp 
and repeated at 3-hour intervals during the first 24 hours 
after the operation. The pulmonary artery catheter was a 
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3.5F double-lumen catheter equipped with a radiopaque 
thermistor. Triplicate measurements of cardiac output 
were made over 1 to 2 minutes with i ml injections of iced 
5% dextrose in water into the right atrial line. Cardiac 
index was calculated by dividing the average cardiac 
output by body surface area. The doses of inotropic, 
chronotropic, and afterload-reducing agents were re- 
corded at the time of each set of cardiac output measure- 
ments. Total inotropic dose was calculated by adding the 
doses of dopamine and dobutamine in micrograms per 
kilogram per minute and assigning an arbitrary inotropic 
dose of 10 t~g/kg per minute for each 0.1 ~g/kg per minute 
of epinephrine. 
Neurologic methods. Clinical seizures were recorded by 
the bedside nurses or physicians caring for the infant. 
Definite clinical seizures were defined as the occurrence 
of a single or recurrent motor event, with tonic or clonic 
movements of an extremity or cranial muscle that were 
associated with an alteration of consciousness and were 
not interruptible by manipulation of the body part in- 
volved. Isolated abnormalities involving apnea, tachycar- 
dia, eye movements, ucking movements, or tongue move- 
ments were considered indeterminate and were included 
under the classification of possible seizures. 
The electroencephalogram (EEG) was monitored con- 
tinuously for at least 2 hours before the operation, during 
the operation, and for 48 hours after the operation by 
video EEG (Telefactor, Modac, West Conshohocken, 
Pa:). The EEG data were interpreted by one of two 
pediatric electroencephalographers according to prede- 
termined criteria. EEG seizures (ictal activity) were de- 
fined as rhythmic paroxysmal activity of at least 10 sec- 
onds' duration. Reappearance latency to first activity was 
assessed as the time in minutes from the onset of rewarm- 
ing until reappearance of EEG activity greater than 15 
mV amplitude persisting for longer than 3 seconds in any 
lead. 
Neurologic examination was performed by a pediatric 
neurologist according to a uniform, predetermined proto- 
col before the operation and again before the patient's 
discharge from the hospital. Abnormalities on neurologic 
examination were classified according to specific type, 
including head circumference, mental status, special 
senses, cranial nerve motor function (oculomotor, facial, 
and oromot0r function), and peripheral motor function 
(weakness that was global or focal; abnormalities of tone 
or tendon reflexes unassociated with weakness). Patients 
were classified as having an abnormal neurologic exami- 
nation if any summary item included a definite abnormal- 
ity. 
Statistical analysis. Intention-to-treat nalyses were 
used to compare infants assigned to the alpha-stat strategy 
and those assigned to the pH-stat strategy. Primary out- 
comes were EEG recovery time to first activity and the 
occurrence of clinical and EEG seizures. Secondary out- 
comes included duration of intubation, stay in the inten- 
sive care unit, and hospital stay; postoperative events; and 
postoperative cardiac index. Subgroup analyses for pa- 
tients with D-TGA were performed because they com- 
prised a large homogeneous population in which differ- 
ences between strategies were expected to be most 
apparent. 
Table I. Preoperative characteristics according to 
treatment group 
Alpha-stat pH-stat 
(n =90) (n =92) 
Birth weight (kg), mean _+ SD 3.33 _+ .57 3.38 _+ .55 
Age at operation (days), median 9 (1-273) 7 (1-222) 
(range) 
Diagnoses, n (%) 
D-TGA, IVS 29 (32) 37 (40) 
D-TGA, VSD 15 (17) 11 (12) 
TOF 25 (28) 25 (27) 
TOF, PA 3 (3) 3 (3) 
VSD 12 (13) 8 (9) 
Complete common AV canal 2 (2) 2 (2) 
Truncus arteriorsus 3 (3) 5 (5) 
TAPVR 1 (1) 1 (1) 
D-TGA, dextro-transposition of the great arteries;/VS, intact ventricular 
septum; VSD, ventricular septai defect; TOF, tetralogy of Fallot; AV,, 
atrioventricular; TAPVR, total anomalous pulmonary venous return; SD, 
standard eviation. 
Fisher's exact tests were used to analyze dichotomous 
outcome variables. Linear regression was used to analyze 
continuous outcome variables. If the distribution of a 
continuous Outcome was skewed, Wilcoxon rank-sum tests 
were instead used to compare treatment groups. The 
proportional hazards regression model was used to ana- 
lyze reappearance latency to first EEG activity. Analyses 
of continuous variables using linear regression or the 
proportional hazards regression model adjust for diagnos- 
tic group. All p values are two-tailed. Statistical analyses 
were performed with SAS (SAS Institute, Inc., Cary, 
N.C.). 
Results 
Comparability of treatment groups. Among the 
182 study infants, 116 (64%) were male. Table I 
summarizes the demographic haracteristics of in- 
fants according to pH strategy. The most common 
diagnoses were D-TGA (92, 51%), TOF  without or 
with pulmonary atresia (56, 31%), and VSD (20, 
11%). As expected, the mean age at operation was 
younger in the D-TGA subgroup (6 _+ 5 days, 
mean + standard deviation), than in the TOF  
subgroup (85 + 72 days) or the VSD subgroup 
(135 + 62 days). Treatment assignments were bal- 
anced within the randomization strata of diagnostic 
group, surgeon, and age. Infants who were randomly 
assigned to the two pH strategies were similar at 
enrollment with respect to preoperative history, 
except hat preoperative suspected or definite sepsis 
was more common among infants subsequently ran- 
domized to the pH-stat strategy (24% vs 11%, pH-stat 
vs alpha-stat, p = 0.03). The treatment groups did not 
differ significantly in the preoperative incidence of 
abnormalities on neurologie xamination or electroen- 
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Table II. Preoperative neurologic status according 
to treatment group 
Alpha-stat pH-stat 
No. with abnormality/ 
total n (%) 
EEG abnormalities 
Ictal activity 1/56 (2) 0/56 
Dysmature 7/56 (13) 8/56 (14) 
Background abnormal 25/56 (45) 18/56 (32) 
Neurologic examination abnorma!ities* 
Head circumference 11/83 (13) 7/84 (8) 
Mental status 3/65 (5) 3/65 (5) 
Special senses 4/48 (8) 3/44 (7) 
Cranial nerve motor 7/58 (12) 4/56 (7) 
Peripheral motor (any) 36/75 (48) 26/74 (35) 
Weak 
Global 6/75 (8) 7/74 (9) 
Focal 12/75 (16) 6/74 (8) 
Tone/deep tendon reflexes 18/75 (24) 13/74 (18) 
(no t weak) 
*Among those in whom item could be assessed. 
Table IlL Intraoperative data according to 
treatment group 
Alpha-stat pH-stat p 
Variable (r~ = 90) (n = 92) Value* 
No. (%) of subjects with 35 (39) 30 (33) 0.44 
>30 min of circulatory 
arrest 
No. (%) of subjects with 7 (8) 9 (10) 0.79 
>45 min of circulatory 
arrest 
Mean +_ SD 
Total support ime (min) 129 ± 49 124 + 39 0.19 
Total bypass time (min) 107 ± 50 103 _+ 39 0.30 
Low-flow bypass (min) 41 _+ 31 41 ± 29 0.76 
Circulatory arrest (min) 22 _+ 16 21 ± 17 0.56 
Crossclam p time (min) 67 _+ 23 68 ± 22 0.97 
Fluid balance+ (ml) 607 _+ 273 537 ± 260 0.10 
*Fisher's exact p value for the effect of treatment for dichotomous 
outcomes, and linear egression p value for the effect of treatment, with 
adjustment for diagnostic group, for continuous outcomes. 
tInput minus output. 
cephalogram (Table II). One infant assigned to the 
alpha-stat group had a preoperative s izure. 
Intraoperative perfusion variables. The dura- 
tions of circulatory arrest, total bypass, total sup. 
port, and crossclamp were similar between the treat- 
ment groups (Table III). Neonates in the I>TGA 
diagnosis group, all undergoing the arterial switch 
operation, had the longest mean total support and 
crossclamp times (Table IV). The randomization 
was successful in achieving significant differences 
between the treatment groups with regard to pH 
during hypothermic bypass; pH was significantly 
lower in the pH-stat han the alpha-stat group from 
its measurement 5 minutes after initiation of core 
cooling through cessation of bypass (Fig. 1, A). 
Similarly, carbon dioxide tension was significantly 
higher in infants randomized to pH-stat hrough this 
time period (Fig. 1, B). Arterial oxygen tension 
tended to be lower among infants in the pH-stat 
group during bypass, reaching a statistically signifi- 
cant difference at time points 5 minutes after re- 
sumption of bypass and when warming to 25 ° C (Fig. 
1. C). Of interest, however, this trend reversed after 
cessation of bypass, such that the oxygen tension 
measured 10 minutes after cessation of bypass 
tended to be higher among infants in the pH-stat 
group than in those treated with the alpha-stat 
strategy (253 ~ 151 mm Hg vs 214 ___ 152 mm Hg, 
p = 0.053). 
Although perfusion pressure (i.e.. mean arterial 
pressure) was comparable in the two treatment 
groups during the cooling phase of bypass, these 
pressures tended to be lower among infants in the 
pH-stat group just before the onset of total circula- 
tory arrest (p = 0.07) and were significantly lower 
(p < 0.05) at consecutive study time points mea- 
sured at resumption of bypass and when warming at 
25 ° C and 32 o C (Fig. 1 D). Infants assigned to the 
pH-stat strategy tended to have a lower coldest 
tympanic membrane temperature during the opera- 
tion than did the alpha-star group (14.8 ° +_ 1.8 ° C vs 
15.3 o _+ 1.5 ° C, p = 0.052); otherwise, intraoperative 
temperatures were similar between the groups. 
The serum sodium content was higher (p < 0.001) 
among patients in the pH-stat group in consecutive 
time points from the onset of low,flow bypass or 
total circulatory arrest until reaching 25 ° C, and was 
also higher (p = 0.03) at 32 ° C. Throughout his 
same period, the serum pH was significantly ower in 
the pH-stat group. After cessation of bypass, how- 
ever, differences in serum sodium between groups 
did not achieve statistical significance. In a sample 
of 40 patients with D-TGA (20 in each treatment 
group), differences in intraoperative s rum sodium 
concentration could not be attributed tO disparate 
administration of sodium bicarbonate to the treat- 
ment groups. Intraoperative s rum calcium concen- 
tration was lower in the alpha-stat group than in the 
pH,stat group only when warming achieved 32°C 
(1.18 +__ 0.23 mg/dl vs 1.26 _+ 0.22 mg/dl, p = 0.01). 
There were no significant differences between 
groups in levels of intraoperative potassium. 
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Table IV. Intraoperative data according to diagnostic group 
o- TGA TOF/other VSD/CA VC 
Variable (n = 92) (n = 66) (n = 24) p Value* 
Total support ime (rain) 154 _+ 40 100 ± 26 95 + 26 <0.001 
Circulatory arrest (min) 21 ± 15 26 ___ 17 15 ± 17 0.02 
Crossclamp time (min) 83 ± 17 51 ± 15 54 ± 20 <0.001 
Value s are mean _+ standard eviation. CAVC, common atrioventricular canal. For other abbreviations see Table I. 
*F-test p value for the effect of diagnostic group from analysis of variance. 
Postoperative course. Four of the 182 infants 
(2%) died within 1 month of the operation, all 
infants with D-TGA (two with IVS and two with 
VSD) in the alpha-stat group (p = 0.058). Infants 
assigned to the alpha-stat group received greater 
inotropie support 9 hours after crossclamp removal 
(p ~ 0.04); otherwise the two treatment groups did 
not differ significantly with respect o cardiac index 
and inotropic support in the first 24 hours after the 
operation (Fig. 2, A). Within the homogeneous 
D-TGA subgroup, infants in the pH-stat group 
tended to have highe r cardiac indices and lower 
inotropic support at most time points (Fig. 2, B), 
although these differences did not achieve statistical 
significance. 
Medical events in the treatment groups are sum- 
marized in Table VI Compared with infants random- 
ized to pH-stat, those in the alpha-stat group tended 
to have more frequent hypocalcemia (p = 0.056), an 
effect most pronounced within the TOF subgroup 
(53% vs 26%,p = 0.04). Infants randomized to the 
alpha-star strategy also tended to have more fre- 
quent coagulopathy (p = 0.056) and chest tube 
placement (p = 0.08). In the homogeneous D-TGA 
subgroup, a greater proportion of patients in the 
alpha-stat group had a hypotensive episode (45% vs 
25%,p = 0.05), acidosis (11% vs 0%,p = 0.02), and 
anemia (18% vs 4%, p = 0.04). No postoperative 
event was significantly more common in infants in 
the pH-stat group, either in the combined iagnosis 
groups or in any diagnostic subgroup. 
In the combined iagnosis groups, median dura- 
tion of intubation, stay in the intensive care unit, and 
postoperative hospital stay were slightly shorter in 
the pH-stat group, but differences did not achieve 
statistical significance. Within the D-TGA subgroup, 
patients who were randomized to the pH-stat strat- 
egy, compared with those in the alpha-stat group, 
had significantly shorter duration of intubation (me- 
dian 2.8 days vs 3.1 days, p = 0.01) and significantly 
fewer days in the intensive care unit (median 4 days 
vs 5 days, p = 0.01). Although hospital stay was also 
somewhat shorter among infants in the pH-stat 
group who had D-TG A (median 8 days vs 9 days), 
this difference did not achieve statistical signifi- 
cance. There were no significant differences or 
trends in the comparison of the alpha-stat and 
pH-sta t groups in these variables among infants in 
the TOF or VSD subgroups. 
Neurologic outcomes. Definite clinical seizures 
occurred in four infants (4%) in the alpha-star group 
and two infants (2%) in the pH-stat group (Table 
VI). One of the infants with seizures in the pH-stat 
group was given a diagnosis of DiGeorge syndrome 
after hospital discharge, and one infant in the 
alpha-stat group who had postoperative seizures 
also had a seizure before the operation. Possible 
clinical seizures were suspected in an additional two 
infants in the alpha-stat group. These differences did 
not achieve statistical significance. Clinical seizures 
were most common among infants in the D-TGA 
subgroup; in the alpha-stat group, definite seizures 
occurred in three (7%) and suspected seizures in 
two infants (4%); in the pH-stat group, definite 
seizures occurred in one infant (2%). Two addi- 
tional patients in the TOF subgroup (one a|pha-stat, 
3%; one pH-stat, 3%) had definite clinical seizures. 
Epileptiform activity on continuous EEG moni- 
toring during the first 48 hours after the operation 
tended to be more frequent among children as- 
signed to the alpha-stat strategy than among those in 
the pH-stat group (9% vs 2%, respectively, p = 
0.!1). As with clinical seizures, most EEG seizures 
occurred in infants with D-TGA (three in the alpha- 
stat group and one in the pH-stat group). 
Infants assigned to the alpha-stat group, com- 
pared with the pH-stat group, had longer time to 
first EEG activity (hazard ratio = 1.54, 95% confi- 
dence interval, 1.03 to 2.30; p = 0.03). 
Neurologic examination at the time of hosPita ! 
discharge was classified as abnormal in two thirds of 
all patients, but the proportion classified as abnor- 
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Fig. 1. Plots showing serial measurements of pH (A), carbon dioxide tension (Pco2) (B), oxygen tension 
(Po2) (C), and perfusion pressure (D) according to treatment group and perfusion phase: 1 = after 
induction; 2 = hepari n administered; 3 = 5 minutes after commencement of cooling; 4 = reaching 18 ° C 
rectal temperature; 5 = onset of low-flow cardiopulmonary b pass; 6 = onset of circulatory arrest; 7 = 5 
minutes after resumption of cardiopulmonary b pass; 8 = reaching 25 ° C rectal temperature; 9 = reaching 
32 ° C rectal temperature; 10 = 10 minutes after cessation of bypass; 11 = 1.5 hours after crossclamp 
removal. Values are depicted as the mean and one side of each 95% confidence interval. Closed circles 
represent the alpha-star group and open circles represent the pH-stat group. Asterisks denotep < 0.001 and 
plus signs denote p < 0.05, adjusting for diagnostic group. 
real was similar in the alpha-stat and pH-stat groups 
(71% vs 69%, respectively). Of note, the abnormal- 
ities were usually subtle and would not have been 
noted in routine care by the patients' cardiologists 
or cardiovascular surgeons. 
Discuss ion  
In this prospective clinical trial of acid-base man- 
agement during cardiac surgery in infants, random- 
ization to the pH-stat strategy was associated with 
generally better outcomes than was randomization 
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techniques and total inotropic support (bottom) according to treatment group and hours after crossclamp 
removal. A, Data for all diagnoses. B, Data for patients with D-TGA only. Values are depicted as the mean 
and one side of the 95% confidence interval. Closed circles represent the alpha-stat group and open circles 
represent the pH-stat group. Plus sign denotes p < 0.05, adjusting for diagnostic group. 
to the alpha-stat strategy. Infants assigned to the 
pH-stat strategy had significantly shorter ecovery 
time to first EEG activity and a tendency to fewer 
EEG seizures. In addition, infants in the pH-stat 
group tended to have a lower incidence of postop- 
erative homeostatic derangement, including hy- 
pocalcemia and coagulopathy. Analyses of the more 
homogeneous neonatal I>TGA subgroup were per- 
formed because this group had the longest cross- 
clamp and total support imes and hence were at 
risk for poor outcomes. Those assigned to pH-stat 
tended to have higher cardiac index at 12, 15, and 18 
hours despite a lower requirement for inotropic 
drugs, significantly less frequent postoperative aci- 
dosis and hypotension, and significantly shorter me- 
chanical ventilation and intensive care unit stay. 
Early postoperative death occurred in four infants 
(2%), all in the alpha-stat group. 
The finding of worse neurologic outcomes in 
infants managed by the alpha-stat technique is sup- 
ported by previous retrospective clinical studies. 
Children who had undergone the Senning proce- 
dure under alpha-stat conditions showed worse neu- 
rodevelopmental outcome than those managed by 
the pH-stat echnique, 9 and another eport noted a 
striking increase in postoperative choreoathetosis 
after the institution of the alpha-stat strategy. 1°
Previous prospective data for the immature brain 
have been derived only from animal studies. 3'11-13 In 
the neonatal piglet, pH-stat was associated with 
better preservation fcytochrome aa3 oxidation (an 
indicator of cellular oxygen delivery) 12 and im- 
proved recovery of cerebral high-energy phosphates 
and intracellular pH during reperfusion,  
Prospective studies in adult cardiac surgery found 
either no difference 14or worse neuropsychologic 
outcome 6-8 after use of the pH-stat technique. 
These discrepant results between adults and infants 
may reflect different primary mechanisms of injury. 
First, the moderate hypothermia used in adult op- 
erations, compared with those performed with deep 
hypothermia in infants, will result in milder alkalosis 
and hence less carbon dioxide "correction" to 
achieve pH-stat conditions. In adults, the relative 
vasodilation caused by pH-stat techniques may in- 
crease cerebral delivery of embolic material or 
"steal" blood flow away from the poststenotic area. 
In contrast, brain injury during infant cardiac sur- 
gery is thought o result primarily from hypoperfu- 
sion during periods of low or no systemic blood flow. 
Under pH-stat conditions, cerebral oxygen supply 
will be enhanced and use decreased. 
9 9 8 du Plessis et al. 
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Table V. Postoperative events according to 
treatment group 
Alpha-stat pH-stat p 
Event (n = 90) (n = 92) Value* 
n (%) 
Cardiac arrest 3 (3) 1 (1) 0.37 
Hypotension 23 (26) 15 (16) 0.15 
(SBP <45 mm Hg) 
Mechanical pacing 22 (24) 25 (27) 0.74 
Pneumothorax 3 (3) 5 (5) 0.72 
Chest tube placement 12 (13) 5 (5) 0.08 
Reintubation 0 1 (1) 1.00 
Thrombocytopenia 8 (9) 6 (7) 0.59 
Sepsis, suspected 3 (3) 5 (5) 0.72 
Sepsis, confirmed 3 (3) 0 0.12 
Hyperthermia (>38.5 ° C) 20 (22) 22 (24) 0.86 
Hypokalemia (<3.0 mEq/L) 65 (72) 56 (61) 0.12 
Hypocalcemia (Ca <7.0, 52 (58) 40 (43) 0.056 
ionized Ca <0.9) 
Hypoglycemia (glucose 2 (2) 3 (3) 1.00 
<45 mg/dl) 
Hyperglycemia (glucose 52 (58) 47 (5t) 0.38 
>150 mg/dl) 
Acidosis (pH <7.25) 5 (6) 1 (1) 0.12 
Alkalosis (pH >7.6) 14 (16) 16 (17) 0.84 
Coagulopathy (PT/PTT >2 8 (9) 2 (2) 0.056 
× control) 
Delayed sternal closure 12 (13) 11 (12) 0.83 
*Fisher's exact p value for the effect of treatment. 
SBP, Systolic blood pressure; PT, prothrombin time; PTT, partial throm- 
boplastin time. ' 
Alternative explanations for the protection of- 
fered by pH-stat in infants may be found in recent 
experimental studies that suggest that extracellular 
acidosis may inhibit cerebral excitotoxicity. 15' 16 Fur- 
thermore, at deep hypothermia, carbon dioxide ap- 
pears to exert a direct suppressive effect on cerebral 
metabolic rate of oxygen, independent of its effects 
on cerebral blood f lows Finally, in a recent study in 
rodents, higher intraischemic carbon dioxide levels 
appeared to be neuroprotective) 8 
In our study, mean arterial pressures were lower 
throughout most of cardiopulmonary b pass in the 
pH-stat group, compared with those managed with 
alpha-stat, with the most pronounced ifferences 
occurring from just before the onset of circulatory 
arrest hrough rewarming to 32 ° C. The most likely 
mechanism for lower perfusion pressure in the 
pH-stat group is vasodilation resulting from hyper- 
carbia. The greater cerebral blood flow among in- 
fants in the pH-stat group may have improved 
cerebral protection by more homogeneous brain 
cooling or by lowering cerebral temperature slight- 
ly.19, 2o Indeed, in our study, mean coldest ympanic 
temperature was lower in the pH-stat group. 
Table VI. Postoperative neurologic outcomes 
according to treatment group 
P 
Alpha-stat pH-stat Value* 
No. with abnormality/ 
total n (%) 
Definite clinical seizures 4/90 (4) 2/92 (2) 0.44 
48-Hour continuous EEG 
Ictal activity 5/57 (9) 1/59 (2) 0.11 
Mean +± SD 
Reappearance latency to first 38 ± 33 29 _ 14 0.03? 
activity (min) 
No. with abnormality/ 
total n (%) 
Neurologic exam abnormalities~: 
Head circumference 11/77 (14) 6/87 (7) 0.13 
Mental status 8/76 (11) 4/87 (5) 0.23 
Special senses 3/71 (4) 5/76 (7) 0.72 
Cranial nerve motor 15/74 (20) 19/87 (22) 0.85 
Peripheral motor (any) 50/78 (64) 56/87 (64) 1.00 
Weak 
Global 6/78 (8) 4/87 (5) 
Focal 27/78 (35) 20/87 (23) 
Tone/deep tendon reflexes 17/78 (22) 32/87 (37) 
(not weak) 
EEG, Electroencephalogram. 
*Fisher's exact p value for the effect of treatment. 
?p Value was calculated by proportional hazards regression for the effect 
of treatment, with adjustment for diagnostic group. 
SAmong those in whom item could be assessed. 
Use of the alpha-stat strategy was associated with 
a twofold increase in the incidence of EEG seizures 
in the combined iagnosis groups and a threefold 
increase within the D-TGA subgroup; however, the 
low frequency of seizures proscribed sufficient 
power to detect a statistically significant difference. 
The infrequency of seizures in our study population 
may reflect he shorter mean duration of circulatory 
arrest than in earlier retrospective studies 9'10 in 
which alpha-stat management was used. Infants in 
the pH-stat group recovered first EEG activity more 
rapidly after rewarming than those in the alpha-stat 
group. Thus the present study suggests that the 
pH-stat strategy may be beneficial even with rela- 
tively short circulatory arrest periods. 
Experimental data in animals support our finding 
of improved hemodynamic status and postoperative 
course in infants managed with the pH-stat strategy. 
Hypercarbic acidotic reperfusion after cardioplegic 
ischemia in neonatal lambs has been associated with 
improved recovery of systolic ventricular function 
and coronary blood flow. 21 The mechanism by which 
hypercarbic acidosis could be beneficial during 
reperfusion is unknown. The effect of hydrogen ion 
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concentration on Na+-Ca + exchange 22 and on cal- 
cium binding to cellular and intracellular sites 23 
could decrease uptake of potentially lethal calcium 
by ischemic cells during reperfusion. 22' 24, 25 Alter- 
natively, the potent effect of elevated carbon dioxide 
tension in producing coronary vasodilation may be 
beneficial during early reperfusion. 26-28 
In conclusion, these data contradict the widely 
held notion that alpha-stat management is more 
physiologic and protective during hypothermic ar- 
diopulmonary bypass in infants. Indeed, the current 
study suggests that the pH-stat management may 
enhance systemic and cerebral protection during 
repair of congenital heart lesions in infants in whom 
deep hypothermic cardiopulmonary bypass is used 
with or without circulatory arrest. However, man- 
agement with the pH-stat strategy may be more 
complex and may require a period of training for 
perfusionists who are unfamiliar with this technique. 
Delineation of the longer-term effects of these pH 
management strategies awaits follow-up of this pop- 
ulation. 
We are indebted to our perfusionists, Willis G. Gieser, 
CCP, Robert A. LaPierre, BS, CCP, Robert J. Howe, BS, 
CCP, and Bettina Archilla, BS, CCP; to the nursing staff 
for assistance with adherence to the protocol; to Ludmila 
Kyn for database and statistical programming; to Donna 
M. Donati and Donna M. Duva for data management; 
and to Kathleen M. O'Brien for project coordination. 
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Discussion 
Dr. Julie A. Swain (Lexington, Ky.). Once again Dr. 
Jonas and his group have given us a study that will be the 
gold standard. I can only hope, as an adult cardiac 
surgeon, that my colleagues perform as elegant a clinical 
study on some of the things that we have been hearing this 
week about minimally invasive surgery. The Harvard 
group has taken a clinical observation of choreoathetosis, 
gone back and done a retrospective study, followed that by 
very careful laboratory data, and then conducted this 
excellent prospective study. 
The change to the alpha-star technique occurred rather 
precipitously in adult and pediatric ardiac surgery in the 
early 1980s, and I feel somewhat responsible for that 
because of some of our early data. I think it has worked 
out well in the adult group, but now we find that it 
probably was not an appropriate change in the pediatric 
group. 
The problem with this study is that despite a very large 
long-term study (4 years and almost 200 patients), there 
are very few items that were significantly different, that is, 
p < 0.05; essentially the absence of seizure activity, the 
intensive care unit stay, things of that sort. However, one 
cannot ignore the overwhelming trends in virtually every- 
thing looked at, from neurologic status to metabolic status 
to chest tube placement, and I think that we have to use 
our clinical judgment rather than be captive to statistics. 
I have a couple of questions. During either alpha-stat or 
pH-stat regulation the intracellular pH is defended along 
the alpha-stat regulation, so we are looking at extracellu- 
lar pH changes only. Do you find a reason to modify your 
strategy even more with a short period of alpha-stat 
perfusion before going to either circulatory arrest or low 
flow? Second, I could not determine how many of each 
group had circulatory arrest versus low-flow bypass, know- 
ing, of course, that there appears to be a great deal of 
difference between those two techniques. 
Finally, in your D-TGA group, between IVSs and VSDs, 
there appeared to be a fair difference in the numbers 
undergoing alpha-stat and pH-stat strategy. Would a 
subgroup analysis of TGA with VSDs show any differ- 
ences in your results? 
Dr. Bradley S. Allen (Chicago, Ill.). During your pre- 
sentation, I was struck by something I was not aware of, 
which is that your oxygen levels were lower in the pH-stat 
group. We have done some studies in cyanotic hildren 
and found that higher oxygen levels on bypass can result in 
an unintended injury, which we and others have referred 
to as the "reoxygenation i jury." In addition, a recent 
study from this Journal demonstrated that even an oxygen 
tension of 180 mm Hg can decrease tissue perfusion 
during routine bypass. I am therefore wondering what the 
differences in the oxygen concentrations were between the 
two groups, and whether the change in perfusion is due to 
differences in oxygen levels rather than pH management. 
Dr. Jonas. I would like to thank the discussants for their 
comments and questions. 
Dr. Swain, I think this study overall was really much less 
sensitive than it could have otherwise been because we 
reduced the circulatory arrest ime to only 20 minutes. In 
our previous retrospective studies and in the prospective 
randomized comparison of circulatory arrest and low-flow 
bypass, we had used up to an hour or more of circulatory 
arrest. Perhaps if we had conducted this study with i hour 
of circulatory arrest it is more likely that we would have 
demonstrated more significant differences between the 
two groups. 
We have pondered the issue of cooling with the pH-stat 
strategy and then changing to the alpha-stat strategy 
immediately before the circulatory arrest phase. We con- 
sidered adding that as a third arm of the study. When 
Frank Kern was with us from Duke we talked about his a 
lot. Frank subsequently went back to Duke and did a 
laboratory study looking at this, which suggested that that 
might indeed be a preferable approach. It certainly is 
something that still intrigues me, though I do not know 
whether we are going to be able to have the resources to 
organize such a study. On the other hand, you can also 
argue that there are theoretical reasons why it might be 
better to stay with the pH-stat strategy until the end of 
cooling. Much of the injury is related to calcium ion influx 
into cells. If the level of protons is higher, that is, a lower 
pH in the extracellular milieu, then the theory is that there 
is less calcium influx. There is more competition with 
calcium ions and, hence, less reperfusion i jury at the time 
of reperfusion. 
The majority of patients did have some circulatory 
arrest. For example, our D-TGA population all had bal- 
loon atrial septostomies, and so they all required a brief 
circulatory arrest time for closure of that atrial septal 
defect. Those with an atrial septal defect plus a VSD 
required longer circulatory arrest imes. In patients with 
TOF, for example, my own practice is to use a single 
venous cannula still and to do much of that operation on 
low-flow bypass, but perhaps to arrest for 15 or 20 minutes 
while I do the posterior and inferior corner of the VSD 
closure. Overall, the circulatory arrest time was only 20 
minutes, mean, for the total population. 
Regarding your observation about the number of pa- 
tients within the IVS versus the VSD subgroup, I think 
that is a very interesting observation. So far as I know, we 
have not undertaken a subgroup analysis within the 
D-TGA subgroup. We had already divided the overall 
population i to subgroup analyses of each anatomic diag- 
nosis. I will ask our statistician to undertake that analysis 
and see if that makes any difference in the transposition 
result. Certainly when I first saw the transposition result it 
immediately occurred to me that this was the group that 
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had the longest overall ischemic time, that is, whole-body 
ischemia as well as myocardial ischemia, and that the 
strongest result in terms of statistical significance would 
be seen in this population. 
Regarding Dr. Allen's questions, the lower oxygen 
tension on bypass is related to the Bohr effect, that is, the 
affinity of oxygen and hemoglobin varies according to pH. 
The difference is quite a small one, but it was consistent, 
and that was why we came up with a statistically significant 
difference between the two groups. I do not believe that 
the level of oxygenation would have been sufficiently 
different between the groups to make any difference in 
terms of reoxygenation i jury. The reason I say that is 
because we continue to use 100% oxygen. I suspect hat 
we are one of the few groups in the country that has not 
gon e to using air. Therefore our oxygen tensions on 
bypass are all very high, usually 400 to 500 mm Hg. The 
differences between groups were perhaps 30 or 40 mm Hg. 
It is not clear to me that reoxygenation i jury is a real 
event in this population. In fact, we suspect that there may 
be disadvantages in terms of nitrogen microemboli if you 
introduce nitrogen into the oxygenator. We are looking at 
exactly this question in our laboratory model right now, 
and the early results uggest that we are not going to see 
any advantage in using nitrogen in our gas mixture. In 
conclusion, I do not believe that the differences in out- 
come are related to reoxygenation injury. 
Dr. Frank L. Hanley (San Francisco, Calif.). Dr. Jonas, 
you speculated in your responses to Dr. Swain that if the 
patients had had longer periods of circulatory arrest, you 
may have seen greater changes. Would you care to 
speculate in the other direction? If you had avoided 
circulatory arrest completely in these patients, do you 
think that you would see less or no trends in this direc- 
tion? I noted from your entire patient population that 
none of those patients mandated circulatory arrest. In my 
own practice I would not have used circulatory arrest in 
any of those patients. 
I have one other very brief comment. The other sec- 
ondary change as a result of the pH-stat/alpha-stat differ- 
ence was the difference in reperfusion pressure that you 
mentioned. How great was that reperfusion pressure 
difference in the two groups and do you think that 
potentially would have any effect on the outcomes? 
Dr. Jonas. Thank you, Dr. Hanley. With respect o 
circulatory arrest imes, in our previous tudy we were not 
able to demonstrate deleterious effects under about 30 
minutes. In that previous tudy, there were no patients 
who had a seizure if their circulatory arrest ime was less 
than 35 minutes. I think the issue is not just circulatory 
arrest. Other important issues include the following: What 
hematocrit values and flow rates are you using? Remem- 
ber that these things interact. Most of the deleterious 
effects that we saw with our online monitoring in the 
laboratory were in parameters such as the cytochrome 
level with near-infrared spectroscopy. The cytochrome 
levels suggested that much of the injury occurs during the 
early phase on bypass when the brain is still warm and the 
blood being introduced is cold, dilute, and alkaline. It will 
depend, I believe, on what hematocrit levels and what flow 
levels are being used as to how much of a hypoxic insult is 
being caused during the early phases of cooling. That, 
then, potentially sets you up for an injury during the 
circulatory arrest ime. It does not prepare you as well for 
the circulatory arrest period if you introduce that injury 
beforehand. I think the question should be rephrased to 
ask if it would make a difference if you used a hematocrit 
of 40 to have pH-stat versus alpha-stat, for example, or 
would it make a difference if you used a flow index of 3 L 
versus 1.5 L, for example. 
Regarding the actual differences in perfusion pressure, 
I cannot supply the exact numbers, but the differences 
were relatively subtle. I believe the difference in perfusion 
pressure was probably no more than about 10%. The 
pressures were lower with pH-stat relative to alpha-stat, 
and yet the result was an improved outcome with pH-stat. 
When I have presented some of this work in a preliminary 
fashion to groups performing adult cardiac surgery, of 
course their concern is that this would result in a steal 
away from watershed areas beyond vascular stenosis. I 
think that is a very real problem for their patients, but I do 
not believe in the infant population that pressure has an 
important role in the outcome. 
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